ABSTRACT
Introduction
Chromium (III) oxide has a wide range of applications including pigments to reflect infrared radiation [1] , heterogeneous catalysts [2] , coating materials for thermal protection, wear resistance [3] , and so on. It has been established that some spinels have advanced gas sensing and catalytic properties [4] , so ZnCr 2 O 4 could be a suitable sensors for aggressive environments because chromium improves the stability of ZnO films against diluted hydrochloric and nitric acid media [5] . Besides Cr 2 O 3 -ZnO materials, specially prepared in nanocrystalline state are interesting systems for H 2 production via photoelectrochemical splitting of water [6] .
A number of synthetic routes have been employed to synthesize ZnO-Cr 2 O 3 nanoparticles such as chemical vapor synthesis (CVS) [7] , ball milling [8] , spray pyrolysis [9] , decomposition of coprecipitated hydroxides [10] and calcinations of metallo-organic precursor solutions [11] . Because triethanolamine is extensively used in industrial milling to avoid agglomeration and in cosmetic and food products as dispersant agent, its present price is low and quite competitive. Therefore, the present work reports the preliminary results about a novel, technically simple and more economical process for producing ZnCr 2 O 4 and high chromium-ZnO solid solution nanometric particles.
Experimental Procedure
Chromium (III) nitrate nonahydrate (Cr(NO 3 ) 3 ·9H 2 O, Sigma-Aldrich 99%) and zinc (II) nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O, Sigma-Aldrich 99%) were used as the chromium and zinc ions sources respectively, and triethanolamine N(CH 2 CH 2 OH) 3 (TEA, Sigma-Aldrich 98%) was used as the base in a variation of the procedure reported before for ZnO precipitation [12] . All experiments were carried out by simultaneous addition at 25 mL/s of each metal ion solution, Zn 2+ (aq) and Cr
3+
(aq) at different concentrations, simultaneously with the TEA solution to a third water solution, all heated at 80˚C and then mixed for 15 minutes at pH ≈ 9. After filtering, the samples were washed several times with acetone to remove TEA. When the concentration of Cr 3+ reaches the stoichiometric cationic ratio of Zn:Cr = 1:2, ZnCr 2 O 4 spinel becomes the final product.
Instrumental Techniques
Crystal structure and phase composition of the samples were determined by X-ray diffraction using a Rigaku DMAX-1000 diffractometer with Cu K α (λ = 1.54056 Å) radiation. The XRD data was collected in the range 10 < 2θ < 80˚ with a step size of 0.01˚ and an integration time of 2 seconds. Fourier Transform Infrared Spectroscopy (FTIR) of the samples was carried out using a PerkinElmer SPECTRUM-GX spectrophotometer scanning between 3000 and 400 cm -1 . Samples were prepared by mixing about 2% of synthesized powder with KBr. The TEM specimens were prepared by dispersing the powder in n-hexane with the aid of ultrasonic agitation. Drops were poured into a carbon supported copper grid, and then dried in air. The TEM images were obtained using a JEOL 1200 transmission electron microscope having an EDS spectrometer and operated at an acceleration voltage of 120 kV. Thermal analysis was performed using a Perkin-Elmer DTA7 differential thermal analyzer. The instrument was operated using chromatographic O 2 (Praxair, 99.999%) and a constant heating rate of 10˚C /min.
Results and Discussion

As-Prepared Zinc Oxide and Chromium Oxide
The aqueous reaction between Zn 2+ and TEA always produced ZnO samples presenting the wurtzite structure (hexagonal phase, space group P6 3 mc). The XRD patterns of the as-prepared nanometric ZnO were compared with a standard and are shown in Figure 1(a) , all the diffraction peaks being well assigned to hexagonal phase ZnO as reported in JCPDS card No. 36-1451. The representative TEM image of the as-prepared ZnO nanoparticles is shown in Figure 1(b) , indicating that particles present spherical-like morphology and narrow size distribution, having a particle size between 30 and 50 nm. The IR spectra of nanometric ZnO is exhibited in Figure  1(c) The TEM image of the prepared Cr 2 O 3 nanoparticles indicated that particles present rhomboidal-like morphology and particle size between 25 and 50 nm. The IR spectra of nanometric Cr 2 O 3 (Figure 2(c) 
Prepared Zinc-Chromium Oxide Nanoparticles
Precipitation products from the reaction between Zn
2+
and Cr 3+ ions with TEA were obtained incorporating different amounts of the chromium salt. The obtained zincchromium oxide powders were analyzed by XRD technique following Rietveld procedure using the MAUD software [15] and some of their corresponding patterns are shown in Figure 3 . In these cases, the particle size and the lattice strain contribution to the X-ray diffraction peak broadening was estimated using Williamson-Hall analysis [16] . Assuming that the particle size and strain contributions to line broadening are independent from each other and both have a Cauchy-like profile, the observed line breadth is simply the sum of the two contributions leading to the Williamson-Hall equation [16] : ] were performed using the same conditions as described before. The obtained zinc-chromium oxides were analyzed by XRD. Figure 3(a) shows the corresponding XRD patterns where diffraction peaks were completely assigned to the presence of ZnO for those concentrations up to 16 card No. 22-1107. Because line broadening was important, Rietveld and Williamson-Hall analysis were used to get information about lattice parameter, strain distortion and particle size in samples as a function of the chromium content. Figure 3(b) shows the Williamson-Hall plots obtained after using equation (1) on XRD data from each sample at room temperature. According to the calculated slope η and intersection with vertical axis (λ/L) from Figure 3 (b), slope augmented and particle size was slightly reduced as Cr 3+ was incorporated in the ZnO structure ( Table 1) . Once the spinel composition was reached, the particle refinement was notorious. Moreover, Rietveld analysis was performed to each Cr-ZnO solid solution to find the lattice parameters c and a (Table 1) of the hexagonal ZnO structure. TEM bright field image is shown on Figure 4 (a) to illustrate a mean particle size of 25 nm, corroborating the particle size calculated from Williamson-Hall method. Figure 4(b) corresponds to the Rietveld refinement of the same sample, proving that the Consequently, as Cr 3+ is incorporated in the lattice, one should expect a small expansion in ZnO lattice parameters because of ionic radii differences. measured x-ray pattern can be justified using only the wurtzite structural parameters, so there is solid solution even with 8 at% chromium.
Several studies have shown that micrometric ZnO can take Cr 2 O 3 in solid solution up to 7 mol%, this solubility limit being modified by the presence of impurities [17] . One of the reasons of this considerable solubility can be justified on the basis of ionic radii values [18] (r Cr3+ = 75.5 pm and r Zn2+ = 74 pm), hence it is concluded that Cr 3+ can be incorporated in the cationic sublattice. Nevertheless, when Cr 3+ is dissolved in the lattice instead of Zn 2+ , it must be charge compensated by means of a point defect, creating Zn 2+ vacancies in the bulk, probably by some mechanism like [17] The presence of Cr-O bonding in ZnO wurtzite structure from synthesized Cr-ZnO solid solutions was determined by energy-dispersive x-ray spectroscopy ( Table 1) and additionally supported by FTIR spectra as shown in Figure 5 .
The FTIR spectra of all the ZnO-Cr 2 O 3 samples showed the same absorption bands as the ZnO sample (Figure 1(c) ) together with small absorption bands at 2360 and 2885 cm -1 , both corresponding to some O-Cr vibrational modes according to FTIR spectra of Cr 2 O 3 (Figure 2(c) ). When chromium content reaches 16.0 at%, the FTIR spectrum presents the same ZnO absorption bands (1350 to 1800 cm -1 ) and two more Cr 2 O 3 absorp- . Finally, at the spinelcomposition (Figure 5(d) ), FTIR spectrum changes considerably due to the enhancement of the Cr 2 O 3 absorption bands at 520 and 630 cm -1 , remaining the presence of weak absorption bands of ZnO between 1350 and 1800 cm -1 . Figure 6 presents the progression between particle size and lattice parameters c and a (of the ZnO hexagonal cell), as a function of the chromium concentration. The results suggest that the hexagonal cell of the nanometric ZnO was, to a certain limit, modified by the Cr 3+ ions incorporated in the crystal lattice. Therefore, at low chromium content both a and c parameters slightly augmented as a consequence of Cr-O bonding inside the ZnO structure. But as the chromium content exceeds of 2.7 at%, there is basically no further expansion of the cell but FTIR spectra indicates that chromium associated to Cr-O bonds exists without the presence of ZnCr 2 O 4 structure ( Figure 5 ). The size effect on structure and lattice parameters has been widely documented and the relative variation of lattice parameter with particle size is given by [19] :
γ and R are the surface energy and the particle size;  and a being the compressibility factor and lattice parameter of the bulk solid respectively. Therefore, there is a contraction of the crystal lattice due to the pressure exerted toward the interior of the particle. This contraction is proportional to the surface energy and inversely proportional to the particle size, where lattice contraction has been observed experimentally on many solids with particle size reduction [20] . ZnO cell expansion in both a and c lattice parameters have been observed on samples prepared by solvothermal synthesis adding up to 8 mol% chromium [21] and in Cr doped ZnO samples prepared by CVS techniques where no second phases besides wurtzite structure have been observed [7] , indicating once again that the chromium ions were incorporated in the ZnO structure. The fact that in this process the incorporation of more than 3 at% Cr 3+ ions does not modified any longer the ZnO lattice parameters could be associated to the size effect on lattice parameters given by Equation (3) . If chromium ions enter in the cationic sublattice but parameters can not change as a consequence of a smaller particle size, then lattice strain must augment in the crystal structure, as shown before in Williamson-Hall plots and the values reported in Table 1 for parameter η.
The Thermal Evolution of Zinc-Chromium Oxide Nanoparticles
Even if chemical precipitation using TEA was capable to produce Cr-ZnO solid solution and ZnCr 2 O 4 spinel as the Cr content increases, almost certainly there will be an inevitable need of heat processing to obtain well crystallized strain-free nanometric zinc-chromium oxides. Of all solid state reactions, the formation of oxide spinels are at present the most systematically investigated compounds [22] . The spinel ZnCr 2 O 4 is commonly prepared by a solid state reaction of zinc oxide and chromium oxide, where the calcination temperature varies in a range of 800˚C to 1200˚C [23] . In order to assess the influence of thermal treatment on the formation of Cr-ZnO (solid solution) and spinel ZnCr 2 O 4 nanoparticles, thermal analysis of the different as-prepared compositions was carried out. We can not expect the same thermal evolution as those reported in the literature by conventional processing [24] , for the reason that in this case samples already started with solid solution, quasi-solid solution (2ZnO·Cr 2 O 3 ·H 2 O) or spinel composition at room temperature. Figure 7 presents the DTA curves plotted for each composition. At low temperature, two endothermic reactions were observed in all samples, the first one being at 122˚C and corresponding to water desorption, the second one at 235˚C corresponding to TEA decomposition; both endothermic peaks being independent of the chromium content. Afterward there was the presence of an exothermic peak at 285˚C probably for all samples, but being notorious for concentrations higher than 2.7 at% chromium. Besides, at high temperature another endothermic process appears at 430˚C, probably as a result of the formation of ZnCr 2 O 4 from the Cr-ZnO solid. Finally, there was a broad exothermic peak in all thermograms at approximately 550˚C, probably associated to particle growth.
Subsequently, the as-prepared samples were heat treated in oxygen at two different temperatures (400 and 
where a: amorphous, s: solid solution, ss: Cr 3+ over concentrated solid solution and c: crystalline solid. Therefore, the exothermic peak at 285˚C probably corresponds to both process, crystallization of the 2ZnO·Cr 2 ZnO phase in samples as a function of heat treatment and chromium content. Figures 9(a) and 9(b) show the Williamson-Hall plots from XRD data of each sample at 400 and 700˚C. According to the calculated slope η and intersection with vertical axis (λ/L) from Figure 9 , the slope was reduced and particle size was augmented (Table 2) as temperature was increased. Nevertheless, in all cases particle size remains in the nanometric domain by means of Cr 3+ incorporation. TEM bright field images of two different compositions (0.65 and 16.0 at%) at 400 and 700˚C are shown on Figure 10 to corroborate that Cr-ZnO solid solutions and ZnCr 2 O 4 particle size remains in the nanometric domain as calculated from Williamson-Hall method.
Conclusions
In this work, a technically simple and economical process was used to produce at room temperature nanoparti- cles of single phase Cr-ZnO solid solution and spinel ZnCr 2 O 4 . It was observed that the lattice parameter of the ZnO a-axis and c-axis slightly augment as the chromium content increase up to 3 at%. Subsequently, adding more Cr 3+ into the ZnO structure does not substantially modify the lattice parameters, probably as a consequence of cell contraction effect from particle size reduction according to Equation (3) . Nevertheless, EDS and IR spectra indicated that chromium atoms are incorporated during the TEA aqueous precipitation in the wurtzite Cr-ZnO solid solution up to 8 at% and do not forms a second phase in the range of room temperature up to 400˚C. Besides, it was observed at room temperature using a higher chromium content (16.0 at%), the presence of a second compound, probably of the form 2ZnO·Cr 2 O 3 ·nH 2 O, transforming at 400˚C into a Cr-ZnO solid solution incorporating 16.0 at% chromium in the wurtzite ZnO structure and remaining in the nanometric domain (30 nm). The most plausible solid state reactions involved during thermal treatment were proposed according to reactions (4) and (5) . Finally, crystalline strain-free ZnCr 2 O 4 nanoparticles can be promoted with annealing treatment at 400˚C.
